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A bstrac t— T h e  ob jec tive  o f  th is  p a p e r  is to  desig n  a  m ic ro s tr ip  
p a tc h  a n te n n a  fo r  c o m m u n ica tio n  w ith  m ed ica l im p la n ts  in  th e  
402-405-MHz M ed ica l Im p la n t C o m m u n ica tio n s Services b a n d . 
Micros trip a n te n n a  design  p a ra m e te rs  a re  ev a lu a ted  u s in g  th e  fi- 
n ite -d iffe ren ce  tim e-d o m ain  m eth o d , a n d  a re  c o m p a red  to  m ea ­
su re d  resu lts . T h e  effects o f  sh ap e , len g th , size, lo ca tio n  o f feed  
p o in t a n d  g ro u n d  p o in t, s u b s tra te  a n d  su p e rs tra te  m a te ria ls , a n d  
th e ir  th ick n esses a re  ev a lu a ted . A n  extensive  s tu d y  o f th e  p e rfo r­
m an ce  o f  th e  a n te n n a s  to  ch an g es in  th ese  p a ra m e te rs  w as u n d e r ­
tak e n . T h e  re su lts  o f  th is  p a p e r  p ro v id e  g u id an ce  in  th e  desig n  o f 
im p la n ta b le  microstrip a n te n n as .
In d e x  Terms— B io co m p atib le  a n te n n a , M ed ica l Im p la n t 
C o m m u n ica tio n s Serv ices (M IC S ), m ic ro s tr ip , p a ce m a k e r  
a n te n n a , w ireless co m m u n ica tio n .
I. In t r o d u c t io n
r ■ 1 RADITIONAL wireless communication techniques for
M air-to-air communication are improving and expanding 
at a phenomenal rate. Less traditional wireless communication 
systems may include air-to-subsurface or subsurface-to-subsur- 
face transmission paths where the antennas are “embedded” in 
lossy material. Designing antennas for embedded applications 
is extremely challenging because of reduced antenna efficiency, 
impact of the environment on the antenna, the need to reduce 
antenna size, and the very strong effect of multipath losses. 
In addition to the current needs for embedded antennas, the 
expansion of microelectromechanical systems (MEMS) and 
wireless communication systems, which are expected to play a 
dominant role in next-generation technologies, will add dramat­
ically to the applications for embedded antennas. Ultra-small 
devices (e.g., small enough to be injected into a human vein) 
and the desire to communicate with them, will inevitably 
lead to the need for miniaturized antennas embedded in lossy 
environments. This paper provides a better understanding of 
microstrip antennas embedded in lossy environments. The 
examples and sizes are typical of those that could be used for a 
cardiac pacemaker or similar-sized implantable device, but the 
observations and trends can be scaled to smaller devices and 
higher frequencies as needed.
A general theory of embedded antennas demonstrates their 
unique constraints and design considerations. Coaxial antennas, 
wire antennas, and arrays embedded in various lossy materials 
have been previously studied. Complete analytical solutions are
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available for cylindrical wire antennas with multilayer uniform 
insulation [1], and insulated antennas embedded in sand [2]. Nu­
merical solutions are available for single antennas and arrays 
with nonuniform insulation embedded in nonuniform regions
[3]—[5]. The use of nonuniform insulation was shown to im­
prove the uniformity of the radiation from embedded antennas, a 
method that is extended to microstrip antennas in this paper. The 
insulation thickness was increased where the current density on 
the antenna was the highest, thereby reducing the coupling to 
the body and guiding the currents to utilize the full length of the 
antenna.
Embedded microstrip antennas have been used for several 
sensory applications including sensors for dielectric property 
measurement [6], [7], sensing the presence of a dielectric ob­
ject [8], moisture measurement [9], and geophysical well log­
ging [10]—[12]. Embedded microstrip antennas have been used 
therapeutically for a number of applications including cardiac 
ablation [13], [14], balloon angioplasty [15], and cancer treat­
ment using hyperthermia [15]—[19]. Designers of antennas for 
sensing or therapy capitalize on some of the very problems that 
plague embedded antennas for communication—antennas are 
inherently sensitive to their environment (thus becoming good 
sensors), and inherently deposit large amounts of power in the 
near field of the antenna, particularly when it is embedded in 
lossy material, thus becoming good therapeutic tools. These are 
positive characteristics for sensing or therapy and negative char­
acteristics for communication.
Nevertheless, several types of antennas have been used or 
proposed for a variety of embedded wireless communication 
applications. Inductive antennas (coils of wire around a dielec­
tric or ferrite core) have been successfully used for biomedical 
telemetry [20]-[23], although data rates are low, and size/weight 
and biocompatibility issues plague the coil-wound devices. For 
cardiac telemetry, a dipole [24] and microstrip [25] embedded in 
the shoulder were analyzed using the fmite-difference time-do- 
main (FDTD) method.
The objective of this paper is to evaluate microstrip config­
urations for potential use for communication with medical im­
plant devices. Microstrip designs were chosen because of their 
huge flexibility in design, conformability, and shape. Methods 
to reduce the size of the antenna by adding ground pins [thus 
converting the antenna to a shaped planar inverted F antenna 
(PIFA)], using high dielectric substrate materials, and spiraling 
the conductor shape (planar helix) are applied. Both uniform 
and nonuniform superstrate materials are evaluated.
The antennas are designed to operate in the 402—405-MH/ 
band approved by the Federal Communication Com­
mission (FCC) for Medical Implant Communications
0018-9480/04$20.00 © 2004 IEEE
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TABLE I
Effective Electrical Parameters of Different Substrates and 
SUPERSTRATES (POWER IS GIVEN AT 1 m WHEN MAX 1-g SAR = 1 .6  W/kg)
Fig. 1. Simulation model (in millimeters).
Substrate Superstrate Parameters
Teflon Macor Alumina (substrate is Macor)
8r 2.1 6.1 9.4 3.1 6.2 9.3
8r_eff 2.28 5.54 8.24 5.54 6.12 6.69
^eff
(m)
0.115 0.179 0.218 0.115 0.188 0.197
Power
(dBw)
-29.51 -31.60 -18.69 -31.60 -10.97 -6.28
Eff.
(%)






Fig. 2. Typical cardiac pacemaker battery pack size (in millimeters).
Services (MICS) [26], [27]. The simulation model is 
shown in Fig. 1, and the cardiac pacemaker battery pack 
(44.92 mm x 30.72 mm x 10 mm) used for prototyping is 
shown in Fig. 2. The antenna needs to be small enough (less 
than 34 mm x 24 mm) to fit on the surface of the battery 
pack, and this titanium battery pack serves as a finite ground 
plane for the antenna. The size of implants is continually 
shrinking so even smaller antennas will be needed in the future. 
The different antenna parameters are studied in free space, a 
homogenous block of muscle, and a realistic human shoulder 
model. A selected sample of these antennas was prototyped 
and tested in a simulated tissue material [28] on an HP8510C 
network analyzer.
II. Method of Analysis and Evaluation
The FDTD method was used for the simulation of microstrip 
antennas, as it has been used extensively for bioelectromagnetic 
simulations [29]-[31]. The general features of the current 
algorithm are as follows. The grid size is A x  =  A y  =  
A z  = 1 mm, and the Mur absorbing boundaries are ten 
cells away from the antenna model. The superstrate is silicon 
(er = 3.1, tan <5 = 0.0025, and thickness = 3 mm). This is 
a commonly used biocompatible material with low electrical 
loss. Three biocompatible substrate materials are evaluated:
Macor,1 Teflon,2 and Ceramic Alumina.3 Properties of these 
substrates are given in Table I. Unless otherwise stated, the sub­
strate is Macor throughout this paper. The antenna is em­
bedded (centered) in a 50 x 40 x 20 mm3 block of 2/3 human 
muscle (er = 42.807 and a  = 0.6463 S/m), which is com­
monly used to represent average body properties. The electrical 
properties given are 2/3 those of pure muscle [32].
III. Parametric Study
In order to understand the performance of a microstrip an­
tenna when implanted in a lossy material, a complete study of 
the effect of each parameter was undertaken.
A. Effect of Shape
In this test, two different shapes, spiral and serpentine, were 
simulated in order to compare their resonant frequencies [33]. 
The spiral antenna and serpentine antenna are identical in all 
ways (width = 2.8 mm and total length = 98 mm, where 
A = 7 mm, B = 8.4 mm, C = 7.7 mm, and D = 4.9 mm), ex­
cept for how the antenna trace is placed on the board, as shown in 
Fig. 3. The |i£|-field plots of the spiral and serpentine antennas 
are shown in Fig. 4. The main difference between these antennas 
is that the serpentine antenna has a higher resonant frequency 
for the same physical length, as shown in Fig. 5. The radiation 
patterns at the resonant frequency (402 and 475 MHz for spiral 
and serpentine antennas, respectively) in the 2/3 muscle block 
are shown in Fig. 6. From the distribution of magnitude of the 
electric field of these two antennas, shown in Fig. 4, it seems that 
the spiral antenna has strong coupling only at the center of the 
antenna, but the serpentine antenna also has coupling to adjacent 
arms [34]. This makes the serpentine antenna electrically shorter 
than the spiral antenna and, therefore, gives it a higher resonant 
frequency. Not surprisingly, the relative performance of the two 
antennas is also very similar, whether in air or 2/3 muscle. The
1 Accuratus Ceramic Corporation, Macor Machinable Glass Ceramic (MGC), 
Washington, NJ. [Online]. Available: http://www.accuratus.com/Macor.htm, 
Nov. 2000.
2Dupont, “Comparison of different DuPont fluoropolymers.” Willmington, 
DE. [Online]. Available: http://www.dupont.com/teflon.html, Dec. 2000.
3Omegaslate Ltd., Kidderminster, U.K. Omegaslate Ware Resistance 
Engineers. [Online]. Available: http://www.omegaslate.com/producti.html, 
Nov. 2000.
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Frequency (MHz)
Fig. 5. Comparison between \S u\  of spiral and serpentine antennas in 2/3 
muscle and air. The serpentine antenna is electrically shorter than the spiral 
antenna and, therefore, has a higher resonant frequency.
Fig. 3. (a) Spiral and (b) serpentine antennas (in millimeters). The antennas 
are in the x —y plane. The serpentine antenna (in millimeters) in the x —y plane.
Fig. 4. 1^1-field plots of the antennas.
radiated powers at 1 m for a fixed maximum 1-g specific ab­
sorption rate (SAR) of 1.6 W/kg for spiral and serpentine an­
tennas in a 2/3 muscle block are —21 and —25 dBW, respec­
tively. The spiral antenna radiates slightly better than the serpen­
tine antenna, probably because of the more distributed current 
distribution, however, both would be reasonable for short-range 
wireless links. The 1-g SAR of 1.6 W/kg was used to limit the 
input power and, hence, the output power.
Fig. 6. Gain pattern (in decibels relative to isotropic) of: (a) spiral and 
(b) serpentine antennas.
B. Effect o f Length
To determine the effect of antenna length, the lengths of the 
spiral antenna arms A and serpentine arms B, shown in Fig. 3,
were changed, and the antenna was simulated in a block of 2/3 
human muscle. As expected, and as shown in Fig. 7, longer an­
tennas have lower resonant frequencies. In addition, the antenna
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Fig. 7. Magnitude of the reflection coefficient as a function of increasing the 
length of the: (a) spiral arm A and (b) serpentine arm B.
matching changes, but as we will see in the following sections, 
this can be tuned by adjusting other antenna parameters. In­
creasing the length of the antenna changes the radiated power 
at 1 m by less than 0.4 dB.
C. Effect o f Feed and Ground Point Locations
The antenna is fed with a standard coaxial probe feed, and 
the location of the feed would be expected to affect the tuning 
of the antenna. The spiral design can be thought of as a modified 
monopole antenna, twisted up to reduce the size, and the ground 
pin acts somewhat as a ground plane on a monopole antenna, 
nearly doubling its electrical size. Therefore, adding a ground 
pin can reduce the required size of the antenna for a given fre­
quency. This antenna is then similar to PIFA antenna designs, 
although the “plane” of the antenna is shaped like a serpentine 
or spiral.
The effects of the feed and extra ground point locations 
were evaluated by changing the lengths of C and D, shown in 
Fig. 3(a), for the spiral antenna. First, the ground location was 
fixed at D = 4.9 mm, and the feed was moved, and then the 





Fig. 8. Comparison between 15i 1 1 of spiral antennas as a function of: (a) feed 
point location C (when D is 4.9 mm) and (b) ground point location D (when C 
is 7.7 mm).
As shown in Fig. 8, the locations of the feed and ground 
point impact the antenna matching, but have little effect on 
the resonant frequency. In addition, having a slightly longer 
distance between feed and ground increases the bandwidth 
slightly (in this case, up to 0.5 MHz).
I). Effect of Substrate and Superstrate Materials
The choice of substrate and superstrate materials is critical 
in the design of long-term biocompatible antennas. A compar­
ison of three commercially available substrate materials (Macor, 
Teflon, and ceramic aluminum), each 3-mm thick, is shown in 
Fig. 9(a). The effect of varying the electrical permittivity of 
the superstrate is shown in Fig. 9(b). As expected, higher per­
mittivity results in lower resonant frequency because the effec­
tive wavelength is shorter. The effective parameters of the sub­
strate and superstrate are calculated [35]—[37], and the results 
are shown in Table I. Different values of the superstrate were 
compared to determine if doping the superstrate would be valu­
able, as analyzed in Section III-F.
Authorized licensed use limited to: The University of Utah. Downloaded on May 19,2010 at 20:17:06 UTC from IEEE Xplore. Restrictions apply.





Fig. 9. Comparison between \ Su \  of spiral antennas as a function of: ; 
(a) substrate materials and (b) superstrate materials.
E. Effect of Substrate and Superstrate Thickness
When the thickness of the substrate is increased, the effective 
dielectric constant is also increased, and the antenna will appear 
electrically longer and, hence, have a slightly lower resonant 
frequency. This can be seen in Fig. 10. First, the superstrate 
thickness was fixed at 3 mm, and the substrate thickness was 
increased, and then the substrate thickness was fixed at 3 mm, 
and the superstrate thickness was increased. As we can see in 
Fig. 10, when the superstrate thickness is increased, the resonant 
frequency is decreased, because the thicker superstrate actually 
reduces the effective permittivity by insulating the antenna from 
the higher dielectric body material. There is minimal change 
when the substrate thickness is changed.
Materials with high dielectric constant will enable smaller 
antennas, however, they tend to also have higher loss due to the 
surface wave and, therefore, poor efficiency. The high dielectric 
of the human body above the antenna effectively reduces the 
wavelength near the antenna and, hence, physical size, though, 
of course, the body is highly lossy, and absorbs much of the 
signal. The superstrate material (which also should be low loss) 
reduces the power deposited in the body very near the antenna. 





Fig. 10. Comparison between \S u\  of spiral antennas as a function of: 
(a) substrate thickness and (b) superstrate thickness.
approved limit [26] of 1.6 W/kg. In effect, the superstrate is 
preventing the body from shorting out the antenna.
F. Effect of Nonuniform Superstrate
As we can observe from the steady-state plots of electric-field 
magnitude, shown in Fig. 4, more concentration of current is 
seen on the inner arm of the spiral antenna where the current 
reflects off the end of the antenna and the outermost arm, which 
is closest to the feed and ground points.
One method of reducing the total size of the antenna is to 
place superstrate material only over the areas with high current. 
This is shown in Fig. 11(a). The results are shown in Fig. 12(a), 
and the radiated powers at 1 m for a maximum 1-g SAR of
1.6 W/kg are -29.5 and -30.4 dBW, respectively. Very little 
change is observed if the antenna is built as a concave antenna, 
with a flat superstrate, or if the antenna is flat and the super­
strate is convex, as shown. The concave antenna would have the 
smallest possible total thickness if space can be spared for the 
concavity.
The effect of nonuniform electrical properties of the su­
perstrate is also of interest. A possible way of improving the
Authorized licensed use limited to: The University of Utah. Downloaded on May 19,2010 at 20:17:06 UTC from IEEE Xplore. Restrictions apply.





X — Y  section of realistic shoulder (370 mm x 170 mm) used in the
TABLE II
PERMITTIVITIES AND CONDUCTIVITIES FOR TISSUES OF 
the Realistic Shoulder at 433 MHz From [32]
Fig. 11. Structure of the antenna in the Z - X -plane as a function of: (a) saline 
in the material and (b) soaking superstrate layers.
Material £r a
Fat 5.028 0.04502 S/m
Bone 17.35 0.16725 S/m
Cartilage 43.64 0.65 S/m
Skin 46.68 0.64 S/m
Nerve 35.7 0.5 S/m
Blood 57.29 1.72 S/m
Muscle 42.807 0.64633 S/m
Lung 21.58 0.3561 S/m
Frequency (MHz)
(b)
Fig. 12. Comparison between \Sn \  of spiral antennas as a function of a: 
(a) convex superstrate and (b) superstrate partially permeated by body fluid.
matching between the superstrate and body might be to allow 
the body fluid to permeate the superstrate [37]. In order to test 
this possibility, the percentages of body fluids that might be 
allowed to permeate the superstrate were controlled by either 
saline addition or holes in the material, as shown in Fig. 11(b).
In this case, the outermost superstrate was divided into three 
layers and assumed to be partially permeated by body fluid, 
with percentages decreasing from the body to the antenna, as 
shown in Fig. 11(b). Each layer is 1-mm thick. The dielectric 
properties of the layer with 10% body fluid are assumed to be 
er = 4.2, a  = 0.0646 S/m, with 20% body fluid, er = 8.4, 
cr = 0.129 S/m, and with 30% body fluid, er = 12.6, a  = 0.19 
S/m. The effect results of the nonuniform electrical properties 
of the superstrate are shown in Fig. 12(b), and the radiated 
powers at 1 m for a maximum 1-g SAR of 1.6 W/kg are —30.1 
and —30.6 dBW, respectively.
IV. A n a l y s is  o f  t h e  A n t e n n a  in  t h e  R e a l is t ic  S h o u l d e r
In the above sections, the antennas were analyzed in a block 
of 2/3 muscle (50 mm x 40 mm x 20 mm). Here, they are an­
alyzed in a more realistic model of the human shoulder in order 
to determine if the more realistic model (390 mm x 180 mm x 
190 mm) is needed for the design of the antenna, shown in 
Fig. 13. This model, derived from the University of Utah man 
model [38] has 31 different tissues. The dielectric permittivities 
and conductivities of tissues are shown in Table II for 433 MHz 
[32]. A comparison of the antennas in a block of 2/3 human 
muscle and in the shoulder is given in Fig. 14. Some shift in 
frequency is indeed observed. The maximum 1-g SAR is 0.06, 
0.15, and 0.29 W/kg for an input voltage of 1 kV/m for the 2/3 
muscle, realistic shoulder, and TK-151, respectively. It was de­
termined that the exact location of the antenna in the realistic 
shoulder has a sizeable effect on these parameters, as expected. 
The best practice for antenna design would, therefore, be to do 
an approximate design with the 2/3 muscle block where the sim­
ulation runs quicker, and use detailed modeling only on the final 
design.
V. P r o t o t y p e  a n d  M e a s u r e m e n t  R e s u l t s
In order to verify the simulation results, prototypes of the 
spiral antenna were built from Macor substrate, as shown
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Frequency (MHz)
Fig. 14. Comparison between | Si  1 1 of spiral antennas in a block of 2/3 human 
muscle, a realistic shoulder model, TX-151, and a tissue simulant material.
in Fig. 3(a). Household silicon (same dielectric properties 
as medical-grade silicon) was used for the superstrate. The 
magnitude of the reflection coefficient was measured with an 
HP8510C network analyzer. The tissue simulant material made 
from TX-151 powder, mixed with sugar, salt, and water was 
used as the test material, which has a dielectric permittivity 
of 48.943 and a conductivity of 0.7099 S/m [32], [39]. The 
comparison between simulation and measurement results is 
shown in Fig. 14. The measurements and simulations are within 
the expected range of the modeling, considering the differences 
in the dielectric properties of materials (2/3 muscle, shoulder, 
and TX-151).
VI. C o n c l u s i o n
Spiral and serpentine microstrip antennas that can be used 
for communication with medical devices have been analyzed in 
the 402-405-MHz ranges. Based on this research, several ob­
servations were made. Both spiral and serpentine designs were 
found to be effective radiators for communication with medical 
implants in the 402-405-MHz MICS band. The spiral design 
was the smaller of the two designs and both were significantly 
smaller than a traditional rectangular patch. For optimal de­
sign, a biocompatible substrate and superstrate should have the 
largest possible er , while having low conductivity, and thicker 
substrate and superstrate are better than thin. The best design 
can be found by first choosing the substrate and superstrate ma­
terials, then optimizing the length to provide approximately the 
correct resonant frequency. Finally, the antenna should be tuned 
by varying the location of the feed point with the ground point 
fixed very near one end of the antenna. The current distribu­
tion can then be observed, and an overall thinner design can be 
produced by using a superstrate that is thicker where the cur­
rent density is high. It was also noted that while an homogenous 
model is sufficient for the basic design of the antenna, a more 
realistic model of the shoulder is needed to provide accurate 1-g 
SAR results, and to tune the final antenna design.
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